Purpose: To demonstrate the feasibility of using a purely data-driven, a posteriori respiratory motion modeling and reconstruction compensation method to improve 4D-CBCT image quality under clinically relevant image acquisition conditions. Methods: Evaluated workflows that utilized a combination of groupwise deformable image registration and motion-compensated image reconstruction algorithms. Groupwise registration is an approach that simultaneously registers all temporal frames of a 4D image to a common reference instead of one at a time so as to minimize the influence of any individual time point on the global smoothness or accuracy of the resulting deformation model. Four-dimensional cone-beam CT (4D-CBCT) Feldkamp-Davis-Kress (FDK) reconstructions were registered to either iteratively computed mean respiratory phase (mean-frame) or preselected respiratory phase (fixed-frame) reference images to model respiratory motion. The resulting 4D transformations were used to deform projection data during the FDK backprojection operation to create motion-compensated reconstructions. Tissue interface sharpness (TIS) was defined as the slope of a sigmoid curve fit to a mobile tissue boundary and was used to evaluate image quality in regions susceptible to motion artifacts. Image quality improvement was assessed for 19 clinical cases by evaluating mitigation of view aliasing artifacts, TIS, image noise reduction, and contrast for implanted fiducial markers. Results: Average (standard deviation) diaphragm TIS recovery relative to initial 4D-CBCT reconstructions was observed to be 87% (46%) using fixed-frame registration alone; 87% (47%) using fixed frame with motion-compensated reconstruction; 101% (68%) using mean-frame registration alone; and 99% (65%) using mean frame with motion-compensated reconstruction. Noise was reduced in sampled soft tissue ROIs by 58% for both fixed-frame registration and registration with motion compensation and by 57% and 58% on average for the corresponding mean-frame methods, respectively. Average improvement in local CNR was observed to be respectively 93% and 98% for fixed-frame registration and registration with motion compensation methods and 116% and 111% for the corresponding mean-frame methods. Conclusion: Data-driven groupwise registration and motion-compensated reconstruction offer a feasible means of improving the quality of 4D-CBCT images acquired under clinical conditions. The addition of motion compensation reconstruction after groupwise registration visibly reduced the impact of view aliasing artifacts for the clinical image datasets studied.
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INTRODUCTION
To ensure correct patient setup and periodically review therapeutic progress in radiation therapy, it is common to acquire images of target anatomy in situ using Cone-Beam CT (CBCT) imaging. 1, 2 Current CBCT imaging modalities acquire a complete single-revolution dataset over a substantially greater duration (60-240 s) than the period of the typical respiratory cycle (4-8 s) of a patient. Due to respiratory motion, the position of anatomical features can vary dramatically between adjacent projections. When reconstructing 3D volumes, anatomical regions and structures influenced by respiratory motion can appear blurred or distorted in the resulting 3D volume (see left-most panel, Fig. 1 ). The resulting degraded image quality can result in significant target localization discrepancies 3, 4 due to loss of contrast and lack of clear anatomical boundaries.
One potential solution to this problem is to use respiratory correlated CBCT (4D-CBCT). 5 In this approach, images are retrospectively reconstructed from phase-binned subsets of projections to effectively arrest the motion in a series of rendered phases of the respiratory cycle. Such techniques have been adopted clinically because it has been shown that 4D-CBCT imaging can recover respiratory motion similar to that recovered by 4D-CT. 6 However, in 4D-CBCT, reduction of the available projections per phase by respiratory phasebinning results in significant angular undersampling of the imaged volume, resulting in streak or view aliasing artifacts that contribute to an increase in image noise (see center panel, Fig. 1 ).
To address the limitations of 4D-CBCT, a range of improved acquisition and reconstruction methods have been investigated. One such approach, gated CBCT, 7 avoids view aliasing challenges upfront by monitoring patient respiration and prompting the acquisition of uniformly spaced projection of data around the patient only at predefined points in the respiratory cycle. This prospective approach effectively arrests respiratory motion in reconstructions and eliminates reconstruction errors caused by limited projection data, but carries the implicit penatlies of increased acquisition time and limited insight into patient motion.
Alternatively, motion compensation (MoCo) reconstruction methods, which estimate patient motion observed during CBCT acquisition and subsequently adapt all available projection data to account for any observed deformations between respiratory phases [8] [9] [10] [11] [12] [13] [14] and motion-correction methods, which apply similar motion-based adjustments to reconstructed CBCT volumes, have been developed. MoCo can be implemented either before or after completion of CBCT reconstruction. Motion correction 10, 15 and earlier MoCo reconstruction strategies 8, 9, 16 utilize patient-specific deformation models estimated a priori from 4D-CT to adjust projection or reconstructed image data to account for motion likely experienced during CBCT acquisition. However, the clinical utility of such methods may be limited by the accuracy of the a priori model, which may not remain valid over the course of treatment. 17 Conversely, Brehm et al., [11] [12] [13] Zhang et al., 16 and Wang and Gu 14 each proposed strategies that generalize the MoCo approach without utilizing an a priori motion model. The MoCo technique proposed by Brehm [11] [12] [13] uses a simulated, artifact-free prior image, generated by segmenting an initial reconstructed volume, to directly determine the impact of reconstruction artifacts on the image. Zhang 16 demonstrated the ability to generate a realistic motion model directly from six-phase thoracic CBCT reconstructions when regularized by principle components analysis (PCA). Similarly, Wang and Gu proposed the simultaneous motion estimation and image reconstruction (SMEIR) method 14 that seeks to iteratively update a motion model to minimize the difference between synthetic projection data forward projected through an iterative reconstruction and raw CBCT projections.
In the Brehm et al., Zhang et al., and Wang and Gu approaches, estimation of the motion model is performed in a phase-by-phase manner, which does not fully exploit the temporally redundant nature of data in 4D-CBCT image: regions of anatomy that are impacted by motion or reconstruction artifacts in one temporal frame may be unaffected in one or more adjacent temporal frames. In this paper, we present a new MoCo approach that uses groupwise registration to build the underlying motion model. Our approach incorporates this temporal redundancy of the data into the registration scheme FIG. 1. Examples of respiratory motion related artifacts in CBCT reconstruction of the lung. The left column shows cross-sections of a FDK 3D-CBCT reconstruction. Notice that the lung-diaphragm boundary (arrows) appears blurred. Likewise, only large blood vessels are visible and they also appear blurred. The middle column shows the same data reconstructed using respiratory phase-correlated FDK 4D-CBCT. Notice that there is relatively little blurring due to breathing (arrows) using this approach. However, considerable streaking (view aliasing) artifacts are visible due to reduced angular projection sampling. The right column shows the same data reconstructed using motion-compensated 4D-CBCT. Notice that this method has less motion blurring (arrows) and streaking artifacts compared to the former two methods. to mitigate the possible manifestation of phase-specific registration bias, which may otherwise occur in conventional phase-to-phase registrations, and ensure that reasonable motion modeling is achieved consistently across all respiratory phases. Details of the groupwise approach are discussed later in the Methods section. Groupwise registration has been previously demonstrated to produce reasonable models of subject motion when applied to 4D-CT, dynamic magnetic resonance (MR), and ultrasound (US) images. 18, 19 2. MATERIALS AND METHODS
2.A. Free-breathing CBCT projection dataset
CBCT projection datasets used in this study were from a larger dataset of 4D-CBCT scans from 20 subjects undergoing concurrent radiochemotherapy for locally advanced nonsmall cell lung cancer. 20, 21 This dataset, collected under an institutional review board approved protocol, is described in more detail by Hugo et al. 22 To demonstrate proof-of-concept in this study, one projection set was selected for each subject from those acquired during the first 2 weeks of treatment for which a reasonable respiratory signal could be extracted. Each of the 4D-CBCT datasets was acquired on a commercial CBCT scanner (On-Board Imager TM , Varian Medical Systems, Inc., Palo Alto, CA). Approximately 2150-2750 projections per subject were acquired over a period of 8-10 min in half-fan mode with half bow-tie filter using 125 kVp, 20 mA, and 20 ms in a single 360°slow gantry arc. Audio-visual biofeedback was used during acquisition in all subjects. A purely data-driven method of signal extraction, discussed later, which extracts signal from the raw projection data, was utilized for initial projection phase-binning prior to 4D reconstruction.
2.B. Full vs clinically representative dataset
The acquisition technique used in this study is not representative of standard clinical techniques. Notably, the number of projections and scan duration far exceed the more typical 600-800 projections and 1-2-min scan duration of a routine clinical CBCT scan on the same hardware. While advantageous for the reconstruction of 4D volumes, the correspondingly fine angular resolution of the projection data greatly reduced the degree of image noise and view aliasing artifact otherwise expected in a clinical image. To evaluate the efficacy of the proposed methods under clinical conditions, a clinically representative, reduced projection dataset was produced for each subject by systematically sampling a portion of the corresponding full projection dataset. Figure 2 illustrates two techniques that were investigated to create a downsampled set of projections from the full dataset. The first approach, called Projection Striding (PS), samples the full projection dataset with a uniform stride and then performs respiratory phase-binning of the sampled projections prior to reconstruction. Unfortunately, this approach can develop reconstruction failures, as shown in Fig. 2 . Failure occurs when the stride sampling synchronizes with a given phase of the respiratory cycle resulting in an uneven angular distribution of projections across phase bins. The second approach, called Phase-Binned Striding (PBS), performs nonuniform stride sampling of the full projection dataset such that each phase bin has approximately the same number of projections and these projections form an approximate uniform angular sampling of the circle. PBS mitigates the likelihood of developing the respiratory cycle synchronization-related reconstruction failures observed during application of the PS method. This is because the subsampled dataset has approximately even angular sampling and a relative distribution of projections in each phase bin that is consistent with that of the full dataset. For this study, the PBS method was used with a step size, or downsampling factor, of 4 to reduce the number of projections for each subject to approximately 540-690.
2.C. Respiratory signal acquisition
A respiratory signal is required to facilitate the initial phase-binning of the projection datasets and, later, the application of phase-specific motion compensation. The Amsterdam Shroud (AS) method 23 was used to generate shroud images and respiratory signals for the full projection dataset of each patient using the algorithm implementation available in the Reconstruction Toolkit (RTK). 24 Routine difficulties were experienced in signal extraction from the raw shroud image within projection spans that included (a) anatomical regions dominated by large, temporally invariant features of sharp intensity gradients (i.e., vertebrae) and (b) when mobile tissue structures moved out of the projection field of view (FOV) due to the half-fan CBCT acquisition mode utilized. Following Zijp et al., 23 we applied a temporal derivative filter to the shroud image to highlight periodic motion exhibited by the diaphragm and other high-intensity structures, thereby correcting these issues. Out of the 20 subjects in the original database, a respiratory signal could not be reliably extracted from the projection set of one subject (102) using the shroudbased method, so this subject was excluded. To generate signals for the clinically representative datasets, the full projection set respiratory signal was sampled along with the projection data, so the respiratory signal remained consistent with the projections.
2.D. Projection sorting and initial FDK reconstruction
After acquiring a respiratory signal from the shroud image, projections were sorted into ten phase bins according to their respective position in the respiratory cycle. Initial 4D patient image reconstruction was accomplished for both the full and clinically representative datasets using the RTK implementation of the Feldkamp-Davis-Kress (FDK) reconstruction algorithm. 25 The phase-binned datasets were reconstructed individually and stacked temporally to create the initial 4D-CBCT image used for image registration and motion modeling.
2.E. Groupwise registration and motion modeling
Groupwise 4D (3D + t) registration was used to create a representative respiratory motion model instead of using a conventional, frame-to-frame registration approach. Groupwise registration simultaneously registers more than two images in the spatial domain, S, as opposed to pairwise registration, which co-registers a pair of images. For spatiotemporal data, groupwise registration simultaneously registers N temporal frames of a 4D image I(x, t), t 2 T = {1, 2, . . . , N}, to a common reference frame using a time-varying transform h l (x, t). In this work, the transformation h l (x, t) was parameterized using a linear combination of B-splines with weights l and the 4D images registered were constructed from a stack of N = 10 temporal image frames each corresponding to a phase-binned reconstruction from a different point in the respiratory cycle. The common reference frame may be an average coordinate system that does not correspond to one of the original 4D image, 18 or the coordinate system of one of the temporal frames. 19 Both approaches were used and compared.
Two hierarchical, groupwise image registration methods were assessed. The first evaluated method, a modified version of the groupwise method proposed by Metz et al. 18 detailed in Eq. (1), was used to compute the cost of a transform, h l (x, t), mapping the frames of the 4D-CBCT image to an iteratively computed mean reference frame, I l ðxÞ, seen in Eq. (2), by minimizing the variance of voxel intensities along the temporal dimension of the 4D image. This mean reference frame (MF) method initially included a bending energy penalty term 26 in the cost function to restrict the flexibility of the transform. However, after preliminary testing, it was found that the bending energy penalty did not have much effect on the registrations evaluated, and it was excluded from all final registrations.
The second method assessed in this study registered all phases of the 4D image set to a target image phase I FF (x), as seen in Eq. (3). Instead of defining the deformation between the initial image and some iteratively generated mean image, this second fixed-reference frame (FF) approach directly computes the deformation to a reference, I FF (x), seen in Eq. (4), for a chosen time point, t FF , in the respiratory cycle. For this study, the end of inhalation frame of the 4D image was selected as the fixed frame because it generally possessed the least sortingrelated artifact relative to the other frames. While the cost functions of the two approaches are otherwise very similar, in implementation, the FF method is less computationally expensive and offers modest speed improvements over the MF approach.
All registrations were implemented in elastix v4.8.
27,28
Both methods were applied using a hierarchical registration scheme consisting of two resolution levels. For both methods, the first resolution used a 29 downsampled image and computed cubic B-spline transform parameters on a 32 mm grid spacing. A full-resolution image and 16 mm grid spacing were used in the second resolution of both methods. Anatomical masks were used to confine the registration to the subject body in the image and minimize the influence of view aliasing and reconstruction artifacts in nonsubject regions. For both techniques, the result of the registration is a spatiotemporal transformation represented by a set of b-spline transform parameters (i.e., control points). A dense FIG. 2. Illustration of workflow for generating clinically representative projection CBCT datasets from a highly sampled CBCT dataset using the Projection Striding (PS) and Phase-Binned Striding (PBS) techniques. In both techniques, the objective is to downsample and extract a collection of projections belonging to a specific phase from the remaining projections. At each step, the set of projections is reduced (depicted as a darkening of the projection) according to either a uniform projection stride sampling or phase-binning criteria. The upper-right panel shows that the PS method may have significant view aliasing artifacts in regions of reconstructed anatomy that have been severely undersampled. The PBS technique does not exhibit an undersampling problem since it has a more even angular and phase-distributed sampling of the projection space and results a more realistic representation of a clinical reconstruction. [Color figure can be viewed at wileyonlinelibrary.com] deformation vector field (DVF) was created using elastix, which was subsequently used as the motion model for motion-compensated reconstruction.
2.F. Motion-compensated reconstruction
To improve image quality using knowledge of subject motion, MoCo reconstruction was employed. The motioncompensated algorithm utilized in this study, originally described by Rit et al., 9 backprojects the projection data into the subject space to produce a tomographic image. However, unlike the FDK approach which backprojects along straight lines of x-ray acquisition, the algorithm used in this study backprojects along curved trajectories that compensate for motion. In this study, the motion model computed in the preceding groupwise registration facilitates this warping in both the spatial and temporal domains. The RTK implementation of this motion-compensated FDK algorithm was used to perform the MoCo reconstruction. Rather than using the phase-binned projection subsets produced for the initial FDK reconstruction, all available projection data were utilized in the reconstruction of the MoCo image volumes.
2.G. Workflow experiments
To evaluate the impact of each component of the MoCo workflow on the quality of the reconstructed images, two experiments were performed. First, the impact of type of groupwise registration (MF vs FF) on image quality was assessed. While both the MF and FF methods discussed have the demonstrable potential to produce a realistic model of subject deformation, they vary in computational expense and complexity. In the second experiment, to evaluate the tangible contribution of MoCo reconstruction toward improving image quality, the results of a workflow with and without the MoCo reconstruction component were compared. The workflow without MoCo is termed the "registration-only" result, as it consists of using the motion model from groupwise registration to deform each frame of the 4D image to the reference, and then averaging the registered 4D image along the temporal dimension to produce an improved 3D image at the reference image position.
Additionally, evaluation of method performance was carried out for the two proposed motion compensation methods using both the full and the downsampled projection datasets to demonstrate proof-of-concept using clinically representative images. Analysis of image quality improvement was completed for both the registration-only results and the MoCo reconstruction results. In total four methods (MF vs FF, AEMoCo) were evaluated for each subject in each of the two datasets (full and downsampled projection sets).
2.H. Image quality assessments
Image quality performance of the proposed methods was evaluated by visual inspection and three quantitative measures: (a) tissue interface sharpness (TIS), a measure of the sharpness of high-contrast tissue interfaces subject to motion, (b) image noise in homogeneous regions of interest, and (c) local contrast-to-noise ratio (CNR) measured at fiducial markers. The details of these assessments are provided in the following subsections.
2.H.1. Tissue interface sharpness
Motion blurring in reconstructed CBCT images is most visible in the direction of motion, which should be improved by 4D and MoCo reconstruction methods. To characterize the degree of motion blur in the superior-inferior direction, tissue interface sharpness (TIS) is defined as the magnitude of the intensity gradient across interfaces approximately parallel to the axial imaging plane. Notably, high-contrast tissue interfaces that meet this definition include the lung-diaphragm interface and medial wall of the bronchus intermedius.
To compute the TIS semiautomatically, we identified three locations of interest, field of view (FOV) permitting, at both the apex of the lung-diaphragm and the bronchus intermedius interfaces and sampled image intensities in rays traversing the selected interfaces. To reduce the influence of noise in the TIS assessments, a set of rays, r 
It is important to note that while the initial 4D-CBCT image suffers from noise and reconstruction artifact degradation, the interfaces evaluated in this study are expected to be crisp in the sense that little motion blurring exists in the initial 4D reconstruction and the corresponding gradient of image intensities at these locations are expected to be high. The introduction of any motion blurring which may be sourced to errors in respiratory motion modeling or model application in the MoCo reconstructions would therefore be expected to reduce the measured intensity gradients at these interfaces. Therefore, comparisons of method performance were completed by evaluating the recovery of TIS in the MoCo images as a relative ratio to that of the initial 4D-CBCT reconstruction.
2.H.2. ROI sampling of image noise
A second measure of visual image quality is established by the observation of statistical image noise in key regions of interest (ROIs). Key sites for evaluation were identified: (a) the aorta, for describing quality of the central region of the reconstructed image; (b) the soft tissue, for describing the variability of image intensities in a reasonably homogeneous region toward the periphery of the FOV; and (c) the air space around the subject, for capturing the effects of the streaking and view aliasing in a homogeneous region of the image. This method is also depicted in Fig. 3. 
2.H.3. Local contrast-to-noise ratio for fiducial markers
The third quantitative measure of image quality utilized was an assessment of the local contrast-to-noise ratio (CNR) in the region immediately surrounding a fiducial marker. The purpose of this evaluation was to quantify the visibility of fine, high-contrast structures, like blood vessels or fiducial markers. The local CNR assessment method for fiducial markers, originally proposed by Shieh et al., 29 was adopted for use in this study. Of the subjects included in this study, six had between 1 and 3 visible, implanted markers for which an average measure of local CNR was computed.
RESULTS

3.A. Quantitative performance
Performance of the proposed methods was characterized for each study subject using the image quality assessment measures described in the preceding section. Notably, TIS recovery was only evaluated at the diaphragm interface for the 10 subjects where the structure was visible within the field of view. TIS recovery at the bronchus intermedius, and all three noise reduction measures were evaluated for each of the 19 subjects. In Table I , the average method performance in the full projection subject dataset is highlighted. Figure 4 demonstrates the variability in image quality improvement for each subject in the full projection dataset under the evaluated methods by presenting the average of TIS recovery metrics for the three evaluated interfaces as a relative percentage of those from the initial 4D-CBCT reconstruction. Similarly, Table II and Fig. 5 present comparable results for the downsampled projection subject dataset. Local CNR was assessed for six subjects containing a total of 11 fiducial markers. Figure 6 depicts the range of fiducial marker CNR improvement relative to that of the initial FDK reconstruction for each of the evaluated methods across both the full and downsampled projection datasets.
3.B. Visual observations of image enhancement
The researchers observed that the proposed methods demonstrated the ability to remove view aliasing artifacts and clarify the visibility of small structures (i.e., vessel trees) for the dataset utilized. Figures 7 and 8 offer representative examples of the types of improvement achievable through the proposed MoCo methods for reader inspection by highlighting one of the evaluated subjects using the full projection dataset and the downsampled datasets, respectively. The leftmost column in both figures contains the preliminary reconstructions that were used as the basis for comparison for the results of each proposed method. It is important to note that the reference frame (initial FDK) for the FF and MF methods differ; the end of inhalation image frame is used as the reference for the FF method while the mean respiration frame is used for the MF method. The end of inhalation frame shown for the FF method highlights the considerable amount of noise and view aliasing typically observed in 4D-CBCT acquisitions while the mean reference frame pictured for the MF method illustrates the potential for motion blurring in both 3D-and 4D-CBCT reconstructions.
Looking at the registration-only results, the FF method shows a visible improvement in image noise and a correspondingly improved visibility of finer vessel structures in the upper lobes of the lungs as seen in the coronal view. Alternatively, the MF method results reveal a reduction in motion blurring along the diaphragm and larger vessel interfaces. The addition of MoCo reconstruction further enhances the results of the registration-only approaches by minimizing the incidence of the view aliasing artifacts as seen in the axial views. The most visible examples of these improvements can be seen in views of the clinically representative downsampled dataset results, shown in Fig. 8 . Similar image enhancement effects were also observed for the other 18 subjects in the study. 
DISCUSSION
In this study, we presented two methods of performing motion modeling using groupwise deformable image registration and adopted the use of MoCo reconstruction to enhance the quality of reconstructed 4D-CBCT images. While this study does not represent the first groupwise registration nor the first MoCo reconstruction of 4D-CBCT images, to the best of our knowledge, it is the first time that both have been combined to produce a purely data-driven, a posteriori reconstruction technique aimed at improving image quality. The purely data-driven methods proposed produce representative models of subject respiration directly from day-of-treatment CBCT acquisitions and circumvent the need for either an a priori motion model or an external respiratory signal. Applying this motion model during MoCo reconstruction facilitates the use of all available CBCT projection data to produce a visibly clearer reconstruction impacted by fewer view aliasing artifacts.
Two resulting images were produced for each of the two proposed methods, characterizing the outcome of applying the groupwise registration transform to the initial FDK reconstruction as well as that of the MoCo reconstruction. For the FF method, the registration-only images show improvements in image noise in bulk tissue and reductions in the effects of view aliasing. The corresponding results from the MoCo reconstruction suggest additional gains in mitigating streaking (view aliasing) effects as well as slight enhancement of fine structures as indicated by the CNR assessments performed. The MF method registration-only approach demonstrated considerable reduction in motion blurring compared to the initial mean-frame reference. This is particularly apparent in subjects where the diaphragm is visible. The MoCo reconstruction results for the MF method reveal similar motion blurring mitigation as well as reductions in view aliasing impact. While the differences between the registration-only and MoCo reconstruction results are at best subtle when using the full projection dataset, as seen in Fig. 7 , they become more apparent in the results for the downsampled dataset, seen in Fig. 8 .
To consider the quantitative performance of the proposed methods, evaluation of TIS recovery and noise reduction in three ROIs was made. Looking at TIS recovery, which serves as a surrogate measure for the arresting of subject respiratory motion, Figs. 4 and 5 show that each proposed method was generally able to recover a substantial amount of the sharpness of the initial tissue interface. For the full and downsampled cases, the MF method was routinely able to recover more of the interface sharpness than the FF method at both the diaphragm and the bronchus intermedius interfaces and on average enhanced the contrast of the assessed diaphragm interfaces beyond that of the reference image. It is suggested that the iteratively computed reference frame used by the MF method may be the source of this discrepancy in performance, providing a lower noise reference point for the groupwise registration. The FF method, on the other hand, is limited by the quality of the fixed-reference frame selected from the initial 4D-CBCT image. It is for this reason that the end of inhalation reference was chosen, as image frames reconstructed at this reference point in the respiratory cycle can benefit from an increased number of projections being acquired at the momentary pause in subject motion and greater initial reconstruction quality.
The characterization of noise in three ROIs was used to provide insight into the visual quality of the images. Evaluation of ROIs in the aorta, soft tissue, and air media were made to provide quality measures in well-sampled, homogeneous, and view-aliased regions, respectively. Table I shows that for the cases which employed the full projection dataset noise reductions achieved for each of the proposed methods fell slightly short of that realized by averaging the temporal frames of the initial 4D-CBCT images. However, in the downsampled cases, it appears that proposed methods achieve approximately the same amount of noise reduction as averaging. This is suspected to be a consequence of the improved initial image quality in the full dataset cases, where temporal averaging may appear to reduce image noise in the ROIs, but contribute to reduction in the visibility of small structures and tissue texture.
It is clear from this variability in TIS and ROI noise performance that a method which benefits one subject may not benefit another; in other words, there is no apparent one-sizefits-all method for motion compensation. It is, however, worth noting that Figs. 4 and 5 demonstrate that for approximately half of subjects evaluated, each of the proposed methods appear to achieve similar image quality outcomes. In the course of this study, evaluation of subject factors that might contribute to the success or failure of a particular method for a particular subject was considered, but was ultimately deemed to be outside the scope of this work and, instead, focused on demonstrating the feasibility of the proposed methods. Analysis of underlying subject factors, acquisition conditions, and their impact on the performance of the proposed methods may be undertaken as part of future work.
To contextualize the proposed method and presented results, comparisons can be drawn to related motion-compensated reconstruction methods previously described in the literature. The MoCo methods presented by Brehm et al. 11, 12 initially demonstrated the feasibility of computing a respiratory motion model directly from the registration of CBCT datasets (both simulated and measured) instead of prior CT images for the purposes of performing a motion-compensated reconstruction. These studies utilized a cyclically constrained, demons-based registration algorithm to model the deformations between adjacent 3D-CBCT frames and subsequently composed these deformations to produce a full 4D motion model. The proposed methods in this work instead utilize variations of a groupwise registration algorithm to directly compute a 4D motion model from 4D-CBCT images thereby overcoming the need to compose successive DVFs and the potential error associated with this process. The SMEIR method presented by Wang and Gu 14 notably demonstrated an ability to improve image quality by simultaneously estimating respiratory motion during an iterative reconstruction. While effective, it was demonstrated that the SMEIR method had the potential to oversmooth certain anatomical features (i.e., tumors or vessels) resulting from the use of a prior image reconstructed using Total Variation leading to errors in local motion estimates which in turn affect reconstructed image quality. Furthermore, the researchers indicated that there is potential for the method to error in cases of irregular patient respiration where the number of projections utilized to reconstruct any given frame of the 4D image varies considerably from the next. The proposed method does not incorporate any explicit image smoothing in its initial FDK reconstruction but still accomplishes a smooth deformation via a B-spline representation of the registration transformation. Additionally, the methods presented in this study have been shown to robustly produce improved images in cases of varying projection counts per reconstructed frame, as is the case in the clinical dataset used in this study. Finally, a number of alternative methods of improving image quality, including the works of Shieh et al. 30 with the AAIR method and Chen et al. 31 with the PICCS method, have shown promising results using iterative reconstruction techniques which capitalize on data in prior reconstructed images instead of motion compensation. The approach we evaluated here could be integrated with these alternative techniques, by using one of these iterative reconstruction methods as the initial reconstruction input into the groupwise registration algorithm.
There are several known issues and limitations associated with the data and methods proposed in this study. First, in addition to the issues identified by Hugo et al. 22 for the dataset utilized in this study, the clinically representative downsampled dataset was produced artificially rather than through a standard clinical acquisition. Second, and on a related note, this retrospective dataset did not afford any sort of standard, such as gated CBCT acquisitions, to allow for a comprehensive characterization of the proposed methods abilities to accurately reconstruct subject anatomy. Evaluating the reconstruction accuracy of the proposed methods along these lines is the subject of future planned studies. Finally, while the methods proposed offer an avenue for improving the quality of 4D-CBCT images taken under clinical conditions, the implemented workflow remains far from optimized for a clinical environment. While any tomographic reconstruction is computationally demanding, the proposed techniques carry the added expenses of generating motion models and performing MoCo reconstruction. To illustrate this point, it is worth noting that in their nonoptimized state, the workflows presented can take between 6 and 10 h to complete the MoCo reconstruction of a single subject. However, both groupwise registration and MoCo reconstruction are highly parallelizable, e.g., through implementation on graphics processing units. The results of this study can aid in selection of a workflow, which we then plan to optimize for eventual clinical use. 
CONCLUSIONS
The overarching objectives of this study were achieved through the demonstration of the feasibility of using a purely data-driven, a posteriori respiratory motion modeling and reconstruction compensation method to improve 4D-CBCT image quality. We demonstrated that groupwise registration methods can be successfully applied to 4D-CBCT to produce models of subject motion under clinically realistic acquisition conditions. We also demonstrated that it is possible to improve the quality of 4D-CBCT image frames by performing groupwise registration of the initial 4D image and averaging the resulting aligned frames in order to reduce image noise and motion blurring. Applying the registration-derived motion model in a MoCo reconstruction, it was shown that 4D-CBCT image quality can be enhanced with visible reduction in view aliasing artifact and mitigation of motion blurring. While response varied subject-to-subject, the proposed methods, on average, each demonstrated a similar ability to improve CBCT image quality, under both clinically superior and clinically relevant conditions, as measured by the defined TIS and ROI noise metrics.
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